The authors investigate various influential factors (tsunami wave related and evacuation related factors) on the fatality rate in the 2011 disaster. The tsunami wave related factors were the maximum inundation height and its arrival time in each target area, and the evacuation related factors were evacuation starting time and the distance to evacuation areas. Results indicate that the fatality rate increases with elevated tsunami height and its faster arrival time along with longer distance for evacuation, despite little influence of slower evacuation starting time.
INTRODUCTION
On March 11, 2011, an earthquake occurred off the Pacific coast of Tohoku, and generated a huge tsunami that caused extensive human loss, leaving 15,867 dead and 2,909 missing (issued on July 11, 2012, by the National Police Agency). Over 90% of the dead drowned due to the earthquake induced tsunami. Therefore, how to reduce the number of the dead and missing is the most primary subject for disaster reduction strategies in Japan.
Fatalities during disasters, such as tsunamis, deeply depend on a variety of factors. In this study, the fatality rate, which is the rate of the number of the dead and missing people to the total number of the population in the inundated area, depends on the tsunami conditions such as height and arrival time, geographical conditions, and evacuation circumstances (i.e., existences of and distance to the shelters). Because of these various factors, the fatality rate is complicated to evaluate and predict accurately. Previous studies found that there was little influence because they investigated between the factors and the fatality rate regardless of the evacuation factors. Therefore, the aim of this study is to integrate and develop how the fatality rate can be estimated considering the evacuation related factors. Hence, we will first discuss each factor's influence on the fatality rate; and then, investigate these factors using the multivariable method. The results and discussions can be further improved to better predict the fatality rate based on the local situation.
PREVIOUS RESEARCH AND RESEARCH PURPOSE
The fatality rate due to the earthquake-induced tsunami is affected by various factors (Kawata, 1997) . Several studies analyzed the relationship between the fatality rate and the influential factors, such as the tsunami wave height for two different topography types (Sanrinku ria coast and Sendai plain), tsunami countermeasures (Suppasri et al., 2012a) , and a rate of the devastated buildings caused by the tsunami (Gokon and Koshimura, 2012) . However, previous researchers investigated the fatality regardless of evacuation related factors, and found that the result was not very clear between a tsunami related factor (i.e., height and its arrival time) and fatality rate. They also suggested to consider the influence of evacuated related factors (i.e., evacuation distance and evacuation starting time) on the fatality rate as well. Yun and Hamada (2012) showed that there were some differences (i.e., age, evacuation starting time) in the characteristics of the survivors and the dead and missing that caused more persons to become more victims 1 . Hence, this study analyzes and develops a formula for estimating the fatality rate. Therefore, the aim of this study is set on how it can be investigated and to develop a formula with various influential factors on fatality rate in the 2011 Great East Japan earthquake and tsunami.
DATA AND PROCEDURE
This study testes not only the tsunami wave related factors, but also evacuation related ones. The evacuation actions taken by the residents are fundamental to human damage mitigation measures against disasters; therefore, this research pays attention to two more factors: first, the time interval between the evacuation starting time and earthquake occurrence time using survey data; second, evacuation distance defined by the nearest evacuation area from the residential area, described later in more details.
Considering the gathered data sample number, we focused on the inundated areas in Iwate Prefecture (i.e. Miyako city, Yamada town, Otsuchi town, Kamaishi city, Ofunato city, and Rikuzentakata city) and Miyagi Prefecture (i.e. Kesennuma city, Onagawa town, Ishinomaki city, Higashimatsushima city, Tagajo city, Natori city, and Iwanuma city), which were selected as the study areas. For the fatality rate in the inundated areas, published data from the Fire and Disaster Management Agency (FDMA), surveyed data of 581 residents' time interval from the Weathernews (Weathernews, 2011; for more detail see Yun and Hamada, 2012) , and the tsunami wave information and surveyed data from the 2011 Tohoku Earthquake Tsunami Joint Survey Group is used. Weathernews, a company that specializes in dealing with disaster data, conducted several surveys and collected vast amounts of data using the Internet and mobile web sites from residents in the affected areas. Especially for the evacuation distance in this study, we used photo and area data from Geospatial Information Authority of Japan (GSI), higher ground location information from Google earth, and information of the evacuation shelter from the Cabinet Secretarial Civil Protection Portal Site. In Table 1 , an evacuation distance is defined by the nearest evacuation area (i.e. evacuation shelter and higher ground such as a hill) from the residential place using an aerial photo from Geospatial Information Authority of Japan (GSI); and the evacuation time interval between the evacuation starting time and earthquake occurrence time using Weathernews' data that calculated and analyzed the mean value of the gathered data in each target areas.
The following sections will describe how the data was obtained and its results in Table 1 , and qualitatively analyze the fatality rate related to the influential factors. 
INFLUENCING FACTORS ON FATALIRY RATE
Effect of the tsunami wave characteristics on the fatality rate
In this study, the maximum inundation heights and arrival time of the tsunami waves surveyed by the 2011 Tohoku Earthquake and Tsunami Joint Survey Group (2011) was used. The tsunami height in the 2011 Great East Japan earthquake is shown in Fig. 1 . It suggests that the maximum wave inundation height above 8 meters caused more than 2% of the fatality rate, and the fatality rate generally increased as the tsunami height increased. However, some points indicate that the fatality rate is higher than the other areas in spite of the similar inundation height. Although there were no doubts that the tsunami height will be useful for estimating the fatality rate (Kawata, 1997) , it was insufficient to explain the observed fatality rate with the tsunami height due to other influential factors. Also, the authors found that geographic factors, such as Sanriku ria coast or Sendai plain, affected the fatality rate. Fig. 1 shows lower fatality rate in the Sendai plain areas (i.e., Tagajo, Iwanuma, and Higashimatsushima) compared with the Sanriku ria coast areas (i.e., Ofunato, Rikuzentakata, and Onagawa). However, Suppasri et al. (2012a) showed that fatality rate were similar to those of the Sanriku ria coast, despite the much lower maximum run-up height in the Sendai plain. They investigated the relationship between the fatality-to-damage ratio and the maximum run-up height of the tsunamis that affected the different types of coastline (the Sanriku ria coast and the Sendai plain). For example, the fatality rate of Rikuzentakata is much higher than ones of Kesennuma and Ofunato despite the similar inundation height of the tsunami. It indicates that there are other factors that increased the number of the dead and missing besides the tsunami wave height. Instead of the maximum run-up height of tsunami and the geographical types, the authors investigate the maximum inundation height of the tsunami and its tsunami arrival time, which reflects the geographic effects. Fig. 2 suggests that the fatality rate increases when the tsunami arrival time is generally faster. Here, the arrival time ranged from 20 to 34 minutes in Iwate Prefecture because these regions are close to the earthquake source area. Higashimatsushima, where it is narrower by entrance and many islands that could mitigate tsunami impacts because of the process of refraction, seemed to have a relatively longer arrival time, and supported the previous researches (Muhari et al., 2012; Suppasri et al., 2012b) . With the similar or even the same tsunami arrival time, however, fatality rate is much greater than others as shown in Fig.2 . For example, Natori City, Iwanuma City and Tagajo City, the maximum tsunami wave arrived within 67 minutes, 66 minutes, and 66 minutes, respectively. But the fatality rate in Natori City was four times greater than those in other two cities, and more people were killed in Iwanuma City than Tagajo City, despite the same arrival time. This proposes the idea of investigating the evacuation of the resident because it is important for survival to evacuate before the tsunami arrives.
In addition, the fatality rate with similar tsunami wave conditions (ex. Ofunato and Rikuzentakata) shows a big difference. This might be attributed to the other factors (i.e., evacuation related factors) that increased in the number of the dead and missing. 
Effect of evacuation distance on the fatality rate
The fatality rate could be influenced by other factors such as the distance or the trip time to safe evacuation place from inundated and residential areas besides the tsunami height and the arrival time.
As for the evacuation shelters in Japan, there are 1,626 assigned in Iwate Prefecture and 1,340 in Miyagi Prefecture (Cabinet Secretariat Civil Protection Portal Site). As shown in the following Fig. 3 , no clear relationship to the fatality rate is found since the evacuation shelter number per 1,000 people is averaged to be 2.6 (range 0.5 in Higashi-matsushima to 8.7 in Kamaishi). For example, regardless of the number of higher grounds, Rikuzentakata, Ofunato, and Kesennuma have evacuation shelters 46 (equal to be 2.9 per 1,000 people), 51 (2.6 per 1,000 people), and 85 (2.1 per 1,000 people), but has fatality rate 10.88, 2.53, and 3.61 respectively. That is, Rikuzentakata assigned more evacuation shelters than the other two cities; however, the fatality rate is higher. Furthermore, Natori City has more evacuation shelters than Iwanuma City, but the fatality rate is much greater. This indicates that the fatality rate is not strongly related to the number of the evacuation shelters. Fig. 3 illustrates that there are much fewer number of evacuation shelters in the Sendai plain compared to those in the Sanriku ria coast. The residential areas are dispersed more so in the Sendai plain than the Sanriku ria coast (Mikami et al., 2011) ; and there are not many places where inhabitants can evacuate to. It means that residents in Sendai plain need to take more time for evacuation due to traveling longer distances to the evacuation areas. Therefore, it is necessary to consider the evacuation distance. In order to analyze the influence of the evacuation distance on the fatality rate, the evacuation distance is defined by the distance from residential place and to arrive in the nearest evacuation area such as the evacuation shelter and higher grounds. In this study, we used photo and area data from GSI, higher ground location information from Google earth, and information of the evacuation shelter from the Cabinet Secretarial Civil Protection Portal Site. Since all of the evacuation shelters have their own addresses, distances from each of the residential areas to the evacuation areas are calculated.
To examine the effect of the distance, the diagram in Fig. 4 explains how to measure evacuation distances from the residential area. Firstly, the residential area where it is severely affected by the 2011 tsunami is selected and divided into several blocks. As a result, in average, the divided area is in approximately 220 square meters. As an example, Fig. 4 shows Otsuchi town in Iwate Prefecture. Six blocks divide the residential areas. The center of each block is marked with a . Nearby the six blocks, there are five evacuation shelters specified by Otsuchi town. To measure the distance from the residential areas to the evacuation shelters, the distances from the center of the each block to the evacuation shelters on the straight line are calculated, regardless of the route taken by actual evacuees. Among the distances, the block within the residential area has the shortest distance for the evacuation shelter as the nearest evacuation distance. After the nearest distance from every single block in the : Sanriku ria coast : Sendai plain residential place is measured by doing the above steps repeatedly, the mean value of the nearest distances is calculated as a final result. 5 shows that the fatality rate increases when the evacuation distance is longer and the two geographic regions are considered separately. Due to few evacuation shelters and hilly areas, the evacuation distances in the Sendai plain are much greater than other cities in the Sanriku ria coast. However, Otsuchi and Onagawa reported a relatively higher fatality rate, despite the relatively short evacuation distance. A possible reason could be due to how quickly the tsunami arrival time came; that is, if people were caught by the tsunami before they arrived in the evacuation area. Hence, the latter section conceivably analyzed the evacuation starting time in each area. Another reason may be that the evacuation area was not enough against the tsunami. In Natori, some evacuees needed to evacuate into other buildings once again due to a two-story tsunami shelter being overcrowded. Additionally, the tsunami reached the top of some of the designated tsunami evacuation buildings (Mikami et al., 2012) . This proposes the idea of investigating the evacuation buildings while considering the capacity of shelters for a future research, but this study focuses on the distance. 
Effect of evacuation time interval on the fatality rate
The time interval is defined by the evacuation time interval between the evacuation starting time and the earthquake occurrence time. For the calculation of the evacuation time interval, earthquake occurrence time is 14:46 pm, and the evacuation starting time is referred to as it was stated in their answers to the questionnaire (more information, see in Yun and Hamada, 2012) . Fig. 6 (a) Time interval in each target city, and mean value of time interval Fig. 6 (a) shows the analysis of individual data in each target city and the calculated mean value of two geographic regions: in Sanriku area, people started to evacuate faster than those in Sendai area. Fig. 6 (b) graphs the relationship between the evacuation time interval and the fatality rate. It is necessary to consider no evacuees since 25% of the residents answered that they did no evacuation; for no evacuation, it is calculated as 3 hours. It is important when people evacuate before the tsunami arrives. If the residents did not evacuate in the inundated area of the selected cities for 3 hours (see in Table 1 ), they were exposed to a tsunami as a victim. However, the result reveals that the fatality rate has little effect by the time interval. The main reason is that they moved to another place after early evacuation for their own reasons; 34% of the dead and missing who immediately evacuated left the evacuation area and were swept away, as mentioned in the previous research (Yun and Hamada, 2012) . 
MULTIVARIABLE ANALSIS OF FATALITY RATE WITH INFLUENTIAL FACTORS
In order to explain the fatality rate, the empirical relationship between the fatality rate and the tsunami wave related factors from observed data in the 2011 Great East Japan earthquake and tsunami is evaluated as well. In each factor analysis, it is expected that the fatality rate will increase with higher tsunami height and faster tsunami arrival time. A least square method, as a simplified approach, has been adopted and the following Eq. (1) describes this function Fatality Rate (%) = 0.50H t -0.01T A (1) (N=13, adjust R 2 =0.68)
in which H t : the maximum tsunami wave height (m), T A : the maximum tsunami wave arrival time (minute). Fig. 7 (a) shows evaluated values for the loss of lives and the fatality rate in the 2011 disaster. When the combination of the tsunami height (H t ) is higher and its arrival time (T A ) is faster, the fatality rate will be greater. However, differences between the observation and the predicted line are due to the additional factors that are challenging to quantify within the model parameters. It is especially difficult to explain the extremely high fatality rate with the formula. As it was stated earlier, evacuation actions taken by residents are fundamental to human damage mitigation measures against disasters, and have some influence in the causalities. Hence, it indicates that the evacuation related factors should be discussed, and the following part will analyze the fatality rate related to two more influential factors (distance to evacuation area and evacuation time interval). Because the insignificant effect of the evacuation time interval on the fatality rate, the evacuation distance as the evacuation related factor is considered for developing the model.
The following Eq. (2) explains the effect of the evacuation distance with the tsunami wave related factors on fatality rate for the 2011 disaster while considering the tsunami height, its arrival time, and the evacuation distance. (1); especially, the high fatality rate could be explained by Eq. (2).
Validation of models
In order to provide accurate fatality prediction, it is necessary to know which model between the two equations, Eq. (1) or Eq. (2), to apply. Fig. 7 is nearly consistent with the actual measurement (the fatality rate). In the course of the results given, the following will quantitatively discuss the relationship through a multivariable regression method in order to clarify which equation is better than others in predicting the fatality rate from the earthquake and tsunami. A multiple linear regression was conducted and a backward elimination approach was applied to obtain an optimization model on the basis of F-tests and t-tests 2 .
To obtain an optimization model, F-tests and t-tests were applied in this study. Since the units of independent variables affect the regression coefficients (b i ), the standardized regression coefficients (b' i ) were applied to exclude the effectiveness from the unit dimension to have an insight into the influence of each independent variable on a dependent variable. The regression procedures and the results are shown in Table 2 .
Out of the two models compared in Table 2 , F-tests 3 suggest that all of the estimated models in Fig. 7 have statistical meaning and satisfy the linear assumption. Multiple R indicates a multiple correlation coefficient that represents the correlated level between dependent and independent variables. Adjusted R 2 represents an adjusted coefficient of multiple determination, namely, an adjusted squared multiple correlation, which reveals the goodness of the fit. As a result, the two models show a good accuracy for a multi-regressive model, but the three variables model with Eq. (2) is the most optimized model with the biggest value in adjusted R 2 . The standardized regression coefficients (b' i ) indicate that the tsunami arrival time and evacuation distance are considerable factors than the tsunami height. We could describe the fatality rate with the tsunami height and its arrival time, and obtain better estimates of the fatality rate by recognizing the evacuation distance from the residential place to the nearest evacuation area. 
CONCLUSIONS
This study investigates the four influential factors on the fatality rate in the 2011 Great East Japan 2 The t-stat indicates the regressive t-value of each regression coefficient and t 0.1 refers to threshold value of the t-test with a 90% significance level. And if the t-test is bigger than t 0.1 , it suggests that the corresponding regression coefficient (b i ) satisfies the coefficient significance level with backward elimination regression. Since the units of independent variables affect regression coefficients (b i ), the standardized regression coefficients (b' i ) were applied to exclude the effectiveness from the unit dimension to have insight into the influence of each independent variable on a dependent variable. 3 F-stat denotes the regressive F-value and F 0.1 denotes F-test's threshold value with a 90% significance level. If F-stat is bigger than F 0.1 , it suggests that the overall regression satisfies the significance level.
earthquake and tsunami. Due to the tremendous earthquake, tsunami and different evacuation behaviors, the 2011 Great East Japan earthquake and tsunami caused a huge amount of fatalities. This study analyzed influential factors and developed a formula to estimate the fatality rate. In order to estimate the fatality rate, two models were developed regarding the effect of both the tsunami wave and the evacuation factors. The fatality rate of the inundated areas by the 2011 tsunami was successfully estimated by our proposed models. Despite the limited data to analyze the relationship, the model with 3 variables is revealed to be the best model to estimate the fatality rate with a reasonable acceptance level of multiple R (0.92) and adjust R 2 (0.71). It implies that tsunami height, its arrival time, and evacuation distance are significant influential factors to the fatality rate. This proposes an idea to give the local government in specific areas where it has been given a warning of a high probability of big earthquake and tsunami occurrence in the near future (i.e., Tonankai and Nankai earthquakes along the Nankai Sea Trough in the Pacific Ocean). When local governments in these regions plan to build residential areas along the shorelines for tsunami preparedness, it is necessary to consider the evacuation distance. Likewise, there are numerous influential factors on fatality rate, several ones of which are investigated here. However, there are several other potential factors that could affect the fatality rate that are not discussed in this study, such as a first tsunami wave height and its arrival time, a robustness of evacuation shelter, capacity of shelters, etc. Therefore, this paper contributes to better improve the prediction of the fatality rate. Based on these results, it provides more effective evacuation warning message and preparedness against future earthquake and tsunami, considering the high vulnerable group, tsunami height and its arrival time, evacuation time, and evacuation distance.
